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 Laser-Foil-Printing (LFP) is a novel laminated object manufacturing process for metal 
additive manufacturing. It fabricates three-dimensional metal parts by using a dual-laser system 
to weld and cut metal foils layer by layer. A main advantage of LFP is the higher cooling rate 
compared to powder-based laser additive manufacturing processes due to the thermal 
conductivity difference between foil and powder. This study focuses on the mechanical 
properties of 304L stainless steel parts built by the LFP process. The experimental results 
indicate that the yield strength and ultimate tensile strength of LFP fabricated 304L SS parts are 
higher by 9% and 8% in the longitudinal direction, and 24% and 25% in the transverse direction, 
respectively, in comparison to the parts fabricated by the selective laser melting process. X-ray 
diffraction and electron backscattered diffraction are used to obtain the lattice structure and the 




 Additive manufacturing (AM) has been widely used in the product fabrication in recent 
years [1]. AM provides a solution for fabricating complex-shaped parts that are too difficult to 
make by conventional machining processes [2]. Depending on its manufacturing mechanism, 
AM processes are divided into seven categories according to the ASTM F42 Committee. The 
seven categories are: vat photopolymerization, material jetting, binder jetting, material extrusion, 
powder bed fusion, sheet lamination, and directed energy deposition. Selective laser melting 
(SLM) is a powder bed-fusion process, Laser Engineered Net Shaping (LENS) is a directed 
energy deposition process, and Laminated Object Manufacturing (LOM) is a sheet lamination 
process. All of these processes have been used to produce metal parts [3-5]. The SLM process 
uses a laser beam to selectively melt the metal particles in a powder bed layer-by-layer [6]. The 
LENS process uses a laser beam to melt a metal powder supplied through a co-axial nozzle [7]. 
Due to the gaps between powder particles, pores may be generated within the metal parts quite 
easily during the SLM and LENS processes [8-10]. The pores could be an advantage in 
biomedical applications such as prosthetic devices and bone scaffolds [11-12]. However, in 
terms of mechanical properties, pores are weak points within a structure, as they reduce strength, 
form cracks, and may fail the created metal part [13]. In addition, gaps change the physical 
properties of metal materials. For example, because of the gaps, the thermal conductivity and 
cooling rate of the metal powder are relatively low compared to the bulk material [14-16].  
 
 Laminated Object Manufacturing (LOM) is one of the first commercialized AM 
technologies in the early 1990s. It uses the lamination of papers to create parts, layer by layer, 
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with polymer-based adhesive bonding and laser contour cutting. LOM can be applied to build 
parts from a variety of materials as long as they can be formed as tapes. Depending on the type 
of material lamination, the bonding strategy varies accordingly [17-18]. 
 
 Laser-Foil-Printing (LFP) has been recently developed as a new laminated object 
manufacturing process. In this process, a three-dimensional metal part is built layer-by-layer 
using a dual-laser system for welding a metal foil and then cutting the cross-sectional contour for 
each layer. The dual-laser system consists of a continuous-wave infrared laser and an ultraviolet 
pulsed laser [19]. The LFP process can provide a more efficient way of producing metal parts 
than the SLM and LENS processes because of the difference in layer thickness: the foil thickness 
used in the LFP process is between 100 μm and 200 μm while the size of powder used in the 
SLM process is about 50 μm. More importantly, the LFP parts are stronger than those made by 
powder-bed-based AM processes because the cooling rate of the LFP process is higher, due to 
the higher thermal conductivity of foil compared to powder.  
 
 In this study, 304L stainless steel parts were built by the LFP process in an inert shielding 
gas environment with a dual-laser system. The mechanical properties of the fabricated parts were 
measured and compared with the original 304L foil, as well as 304L parts fabricated by the 
powder-based LENS and SLM processes. Electron backscattered diffraction was used to obtain 
the size and distribution of the grains of the LFP part. X-ray diffraction was used to determine 




2.1 Laser-foil-printing system   
A laser-foil-printing system was developed and utilized to fabricate metal parts layer-by-layer 
under an argon shielding gas environment using a dual-laser system. The laser system consists of 
a continuous-wave (CW) fiber laser subsystem for welding and an ultraviolet (UV) pulsed laser 
subsystem for cutting, as shown schematically in Fig. 1. The CW fiber laser subsystem included 
a beam expander, a galvano-mirror scanner, and an F-Theta lens. The UV pulsed laser subsystem 
included optical reflection mirrors, a focal lens, and high-precision motor driven stages. The 
actual constructed LFP system is shown in Fig. 2. The CW fiber laser had a center wavelength of 
1070 nm, beam quality factor M2 of 3.04, and maximum average power output of 1000 W. The 
focal length of the F-Theta lens was 300 mm, and the spot size was 160 μm. The UV pulsed laser 
had a center wavelength of 355 nm, pulse width of 30 ns, and maximum average power output of 
10 W. The focus length of the lens was 100 mm and the spot size was 40 μm. Both CW and UV 
laser beams focused on the foil surface for all experiments in order that they had sufficient heat 
to melt or ablate material. 
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Fig.2 The constructed laser-foil-printing system 
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2.2 Laser-foil-printing process 
 To build a metal part layer-by-layer, five processing steps are followed at each layer, as 
illustrated in Fig. 3. First, a metal foil is transported to a specific location on the top of initially 
the substrate and then the metal part being fabricated, as shown in Fig. 3a. Next, spot weld is 
applied on the metal foil using a CW fiber laser as shown in Fig. 3b. The spot weld is used to fix 
the foil onto the previous layer and to prevent thermal distortion of the foil during follow-on 
processing. The third step is  pattern welding which uses a raster scan strategy as shown in Fig. 
3c. The fourth step is to cut the patterns' contour using a UV pulsed laser as shown in Fig. 3d. 
Finally, excess foil is removed in the fifth step as shown in Fig. 3e. A new layer is built after 
these five steps. In this study, for the spot welding, the CW fiber laser power was 400 W, the 
weld time was 0.5 ms, and the distance between spots was 1mm. For the pattern welding, the 
laser power was 400 W, the scan speed was 200 mm/s, and the hatch space was 0.1 mm. the UV 
pulsed laser used for cutting the pattern's contour had the power of 10 W and the cutting speed 
was 5 mm/s.  
 
 
Fig. 2 Schematic illustrations of five steps performed for  each layer (a) foil feeding (b) spot 
weld (c) pattern weld (d) contour cutting (e) excess foil removing 
 
2.3 Experiments 
 The foil material used in this study was 304L stainless steel, and foil was made from 
annealed heat treatment. 304L SS is widely used in a variety of industrial applications since the 
material possesses the properties of high corrosion resistance in a harsh environment and good 
weldability [20]. The foil used was square in shape, with each side measuring 38.1 mm. Its 
thickness was 0.125 mm.  
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 A rectangular block with the dimensions of 12 mm × 12 mm × 10 mm was built from 
304L foil using the LFP process under an argon gas shielding environment. Figure 4a shows two 
tensile bars cut from the block, one along the layer-build direction (i.e., transverse direction, TR) 
and the other along the laser scanning direction (i.e., longitudinal direction, LONG), using a wire 
electrical discharge machining (EDM) machine. Note that the longitudinal and transverse 
directions are the two directions that the part has either the highest or lowest strength [23-24]. 
The dimensions of the bars are shown in Fig. 4b [21].  
 
 The 304L foil and the LFP part were then polished and electro-etched for observation 
using an optical microscope [22]. An INSTRON test frame was utilized to measure the 
mechanical properties of the LFP part. Hirox KH-8700 digital microscope was used to obtain the 
microstructure images of the 304L foil and the LFP part. A Philips X-Pert diffractometer was 
used to obtain X-ray diffraction pattern for determining the lattice structures of the LFP part and 
the 304L foil from which the part was produced. Electron backscattered diffraction was used to 
obtain the size and distribution of grains of the LFP part using an FEI Helios Nanolab 600 
DualBeam (FIB/SEM) system. 
 
 
Fig. 4 (a) Side-view of the 304L metal part using laser-foil-printing process, the longitudinal and 
transverse tensile bars (b) dimensions of the tensile bar 
 
Results and discussion 
 
 The test results on yield strength (YS) and ultimate tensile strength (UTS) of the 304L 
tensile bars compared to the YS and UTS of the 304L foil used in the LFP process are shown in 
Fig. 5. From the comparison of the mechanical properties of the 304L foil with the LFP part in 
the longitudinal (LONG) direction shows that the LFP part had 122% higher YS and 19% higher 
UTS compared to the metal foil. Figure 5 also shows that the 304L parts produced by the LFP 
process were superior to the 304L parts produced by the powder-based LENS and SLM 
processes in both YS and UTS [23,24]. In the longitudinal direction, the YS and UTS of the LFP 
parts were higher by 31% and 7%, respectively, compared to the LENS parts, and were higher by 
9% and 8% compared to the SLM parts. In the transverse direction, the YS and UTS of the LFP 
parts were higher by 72% and 9% compared to the LENS process, and were higher by 24% and 
25% compared to the SLM process. Moreover, both the YS and UTS of the LFP parts were more 
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uniform in both longitudinal and transverse directions in comparison to the LENS and SLM parts, 
as shown in Fig. 6. The YS ratio in the longitudinal vs. transverse direction was 95%, and the 
UTS ratio in the longitudinal vs. transverse direction was 94%, in comparison to these ratios of 
72% and 92% for the LENS parts and 84% and 81% for the SLM parts. The greater uniformity 
in the YS and UTS of the LFP part is mainly because the bonding strength between layers is 
stronger in both directions for the LFP parts compared to the LENS and SLM parts.  
 
 
Fig. 5 Comparison of yield strength and ultimate tensile strength between the 304L foil and the 
parts  fabricated by the LFP, LENS[23], and SLM[24] processes 
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Fig. 6 The YS and UTS ratios of the transverse direction to the longitudinal direction for the 
LFP, LENS[23], and SLM[24] parts 
 
 Figure 7 presents the images of two breaking tensile, one along the longitudinal direction 
and the other along the transverse direction, using an optical microscope. Figure7a shows a 
typical fracture of LFP tensile bars. The broken tensile bar in Fig. 7b shows a fractured angle of 
54 degrees, indicating that the 304L foils were fully melted during the LFP process, and there 
was remelting of the previous layer, which minimizes delamination. A typical weld pool can be 
seen in Fig. 8a which shows a penetration depth of 400 μm, which is more than three times of the 
layer thickness. The grains of the LFP part could not be observed from Fig. 8a, which shows the 
melt pools of laser scans using a hatch spacing of 100 μm. The illustration of a single melt pool 
is shown in the dashed line in this figure, from which the penetration depth and width of about 
400 μm and 350 μm, respectively, can be estimated. The shape of the melt pool indicates that the 
laser was operating in a keyhole mode during the LFP process. Figure 8b shows the micro-
structure of the foil, with the mean grain size measured ~15 μm. 
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Fig. 7 Optical microscope images of the LFP tensile bars at the breaking point: (a) longitudinal 
direction (b) transverse direction 
 
 
Fig. 8 Optical microscope images for (a) LFP part (b) 304L foil 
 
Since the mean grain size of the LFP part could not be measured from Fig. 8a, electron 
backscattered diffraction (EBSD) was used to obtain the mean grain size of the LFP part as 
shown in Fig. 9. The mean grain size of the LFP part was ~3.5 μm from the distribution of 85 
austenitic grains. Therefore, the grains had been refined from ~15 μm in the foil to ~3.5 μm in 
the LFP part. This is due to the higher cooling rate and shorter solidification time in the LFP 
process compared to the annealed heat treatment process for producing the metal foils [25,26].  
 
 Based on the mean grain size from the EBSD pattern, the grain refinement can be used to 
explain the strength enhancement in the LFP part. The yield strength could be estimated by using 




                                                                       
(1) 
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where σy is the yield strength, σ0 is the resistance of the lattice to dislocation motion, ky is the 
strengthening coefficient, and d is the mean grain size. The Hall-Petch strengthening equation 
shows that (σy - σ0) is inversely proportional to the square root of the mean grain size [27,28]. 
For 304L, σ0 is 194 MPa and ky is 695 MPa m1/2 [29]. The yield strength calculated using the 
above equation is 565 MPa at the mean grain size of 3.5 μm. The calculated yield strength agrees 
well with the measured yield strength of the LFP (see Fig. 4). The finer grains of the LFP part 
contribute to the higher yield strength because the cooling rate of the LFP process is faster than 
the foil producing process and the powder-based LENS and SLM processes [23,24].  
 
 
Fig. 9 EBSD pattern showing the distribution of austenitic grains with various orientations 
 
 The X-ray diffraction (XRD) patterns of the metal foil and the LFP part produced from 
the foil are shown in Fig. 10. Both patterns reveal austenitic phases having face-centered-cubic 
(FCC) structures [30]. The highest peaks of the foil and the LFP part had the orientations of 
(220) and (111), respectively. This difference in the orientations was due to the difference in the 
fabrication process. Although the foil and the LFP part both have austenitic phases, they are 
different types of austenitic phases. The LFP part has the metastable austenitic phase due to high 
cooling rate and short solidification time [31], while the foil has the equilibrium austenitic phase 
due to the slower cooling rate in the annealed heat treatment. The metastable austenitic phase 











 In this study, the mechanical properties of the 304L parts produced by the LFP process 
are compared to those of the 304L foil used in the LFP process and the parts produced from 
304L powder by the LENS, and SLM processes. The comparison results show that the LFP part 
is stronger than the metal foil and the LENS and SLM parts. The higher strength of the LFP part 
is contributed to by the grain refinement, from the coarse grains of ~15μm to the finer grains of 
~3.5μm, in the LFP part because the LFP process has a higher cooling rate than the annealed heat 
treatment process, LENS and SLM processes. Also, the strength of the LFP part in both 
longitudinal and transverse directions is more uniform than the LENS and SLM parts. Although 
the XRD patterns show that the lattice structures of both the foil and LFP part have austenite 
phase, the high cooling rate of the LFP process forms the metastable austenitic phase, which 
promotes enhancement of mechanical strength, while the lower cooling rate of the annealed heat 
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